Abstract. This paper presents the synthesis, physicochemical properties and modifications of 2-hydroxyethyl methacrylate copolymers. It describes the new 2-hydroxyethyl methacrylate hydrogels in the form of microbeads of different degrees of crosslinking (2, 5, 8, 10, 15 and 20% mol). As crosslinking monomers bis[4(2-hydroxy-3-methacryloyloxypropoxy) phenyl]-sulfide and ethylene glycol dimethacrylate were used. The new hydrogels were obtained by two alternative methods in a suspension copolymerisation procedure. The copolymers were modified with diethylenetriamine in an epoxide opening reaction. Thermal properties (differential scanning calorimetry, thermogravimetric analysis) and swelling characteristic in typical solvents of the obtained functional hydrogels were examined. The chemical structure of the copolymers before and after modification was confirmed by Fourier transform infrared spectroscopy and elemental analyses. Moreover, their sorptive properties in removal of Cu(II), Zn(II), Cd(II), and Pb(II) ions from aqueous solutions were also presented. The Langmuir and Freundlich isotherm models are used to describe the adsorption characteristics of the selected modified hydrogels.
Introduction
The first mention of hydrogels appeared in 1960 when Wichterle and Lim proposed the use of poly (2-hydroxyethyl methacrylate) in contact lenses [1] . Since then, the use of hydrogels has extended to various applications. Due to their excellent hydrophilic properties, high swelling ratio and biocompatibility, hydrogels have been widely used in agriculture, in biomedicine as antibacterial materials, biosensors and in tissue engineering, in sorbents for the removal of heavy metals, and many other applications [2, 3] . These materials have been also used in the development of the smart drug delivery systems. Hydrogels can control drug release by changing the gel structure in response to environmental stimuli and also can protect the drug from hostile environments [4] [5] [6] .
Hydrogels based on 2-hydroxyethyl methacrylate (HEMA) copolymers are of a widespread interest in biomedical applications. Because of their high water content, hydrogels have a degree of flexibility similar to naturally occurring tissues, which minimises potential irritation to surrounding membranes and tissues [7] . For this reason, pH-and temperature-sensitive hydrogels, based on HEMA and itaconic acid copolymers, were prepared and characterised in order to examine their potential use in biomedical applications [8] . To improve their mechanical properties numerous modifications of p(HEMA) were introduced [9] . The results of these modifications were materials with new physico-chemical properties.
Macroporous hydrogels based on HEMA are artificial biomaterials commonly used in tissue engineer-ing, including central nervous system repair [10] . Novel hydrogels consisting of different molar ratios of 2-hydroxyethyl methacrylate and acrylamide were prepared for specialty applications as sorbents for some common metal ions [11] . Additionally, 2-hydroxyethyl methacrylate and its derivatives are also used in the treatment of eye diseases, and among others for the synthesis of artificial corneas [12] [13] . Copolymerisation of sulfur-containing monomers with HEMA lead to the formation of new polymers with high biocompatibility and very good physical and chemical properties [14] . In order to obtain mechanically and thermally resistant hydrogels, their crosslinking is necessary. In our research we used as a crosslinking monomer bis[4 (2-hydroxy-3-methacryloyloxypropoxy)phenyl]sulfide (BES.DM) [15] or ethylene glycol dimethacrylate (EGDMA). BES.DM is a very interesting crosslinking monomer having in its construction methacrylic groups, aromatic rings and sulfide group. Our current studies are aimed at obtaining sorbents with reactive functional groups on the surface capable of extensive modifications. Specific commercially available sorbents are very expensive and have rather selective applications. Our newly obtained sorbent -hydrogel is thermally and chemically resistant, can be stored in surrounding temperature and moreover is low-toxic. This article includes synthesis new hydrogels based on 2-hydroxyethyl methacrylate as a heavy metal sorbent. The obtained hydrogels were in the form of microbeads of the following degrees of crosslinking: 2, 5, 8, 10, 15 and 20% mol, BES.DM or EGDMA. Additionally, these hydrogels were obtained in two alternative procedures. The selected hydrogels were modified with diethylenetriamine in the epoxide opening reaction. Studies of thermal stability, swelling characteristics and sorption were carried out. The structures of the hydrogels before and after modification were confirmed by FTIR and elemental analysis. Their sorptive properties in removal of Cu(II), Zn(II), Cd(II) and Pb(II) ions from aqueous solutions were also presented. The adsorption characteristics (by used the Langmuir and Freundlich isotherm models) and kinetics test results of selected modified hydrogels were studied.
Experimental 2.1. Chemicals and eluents
2-Hydroxyethyl methacrylate (HEMA) and ethylene glycol dimethacrylate (EGDMA) decan-1-ol were from Fluka AG (Buchs, Switzerland); ","#-Azoiso-bis-butyronitrile (AIBN) and poly(vinyl pyrrolidone) (PVP; K90) were obtained from Merck (Darmstadt, Germany). Reagent grade acetone, methanol, propan-2-ol, chlorobenzene, chloroform, hexane, toluene, tetrahydrofurane (THF), methyl methylene, 1,4-dioxane, 2-(chloromethyl)oxirane (EP) and sodium hydroxide (NaOH) were from POCh (Gliwice, Poland). Bis[4(2-hydroxy-3-methacryloyloxypropoxy)phenyl]sulfide (BES.DM) was obtained by the procedure described in our previous work [15] . 
Synthesis of hydrogels 2.2.1. Synthesis of BES.DM-HEMA and
EGDMA-HEMA and their modifications The experimental parameters of the syntheses of the copolymers are presented in Table 1 . The dispersion medium was prepared through the dissolution of 1 wt% poly(vinyl pyrrolidone) in deionised water (150 cm 3 ). The synthesis was carried out in a three-necked flask equipped with a stirrer, a water condenser and a thermometer. The initiator AIBN (1.5 wt%) was dissolved in the monomers, and then the mixture of BES.DM and HEMA or EGDMA and HEMA was diluted with a mixed solvent (8 cm 3 toluene/8 cm 3 decan-1-ol). The reaction mixture was stirred at 350 rpm for 12 h at 80°C. The obtained copolymers were washed with distilled water, filtered off, dried and extracted (ace- 
Modification with 2-(chloromethyl)oxirane
The selected BES.DM-HEMA and EGDMA-HEMA copolymers were modified with 2-(chloromethyl) oxirane. In a 250 cm 3 round bottomed three-necked flask equipped with a mechanical stirrer, a thermometer and a dropper of 10 g of selected beads was placed together with 80 mL 2-(chloromethyl)oxirane and 60 mL of propan-2-ol and the whole content was heated over a water bath at 70°C. Then, at the same temperature 10 mL of 13.5% solution of NaOH were added during 5 minutes. After 15 minutes another portion (50 mL) of 13.5% solution of NaOH was added and the stirring was continued for 60 minutes. The obtained modified beads were filtered off, washed with aqueous methanol, next filtered off and dried.
Modification with DETA
In a 250 cm 3 round-bottomed two-necked flask equipped with a mechanical stirrer and a thermometer, 10 g of selected microspheres (BES.DM-HEMA-EP or EGDMA-HEMA-EP) was placed together with 10 mL diethylenetriamine (DETA) and 150 mL of toluene and the whole content was mixed at room temperature for 2 h. Next, it was heated over a water bath at 80°C for 3 h and finally at room temperature for 24 h. The obtained modified microbeads were washed with distilled water, filtered off, dried and extracted in a Soxhlet apparatus with boiling acetone for 5 h. Finally, the product was dried under reduced pressure at 30°C [16] .
Synthesis of EHEMA and
BES.DM-EHEMA In a 250 cm 3 round-bottomed three-necked flask equipped with a mechanical stirrer, thermometer and dropper: 0.3 mole HEMA, 1.5 mole 2-(chloromethyl) oxirane, and 85 mL of propan-2-ol were placed and the whole content was heated over a water bath at 70°C. Then, at the same temperature, 20 mL of 13.5% solution of NaOH were added during 10 minutes. After 30 minutes another portion of 13.5% solution of NaOH was added and the stirring was continued for 60 minutes. When the reaction was over, the content of the flask was placed into the dropper, the water layer was separated, and the organic layer was distilled at low pressure (1.6 kPa) in order to separate 2-propanol and the excess of 2-(chloromethyl) oxirane. The remaining 2-(chloromethyl)oxirane and water were distilled at low pressure after 50 mL of toluene was added into it. The obtained epoxide compound was filtered off. The main reaction product was a methacrylate (2,3-epichlorohydrin)ethyl.
Copolymerisation
The dispersion medium was prepared through the dissolution of 1 wt% poly(vinyl pyrrolidone) in deionised water (150 cm 3 ). In a 250 cm 3 round-bottomed three-necked flask equipped with a mechanical stirrer, thermometer and water condenser, EHEMA was placed together with BES.DM and AIBN (polymerization initiator), then the mixture was diluted with a mixed solvent (8 cm 3 toluene/ 8 cm 3 decan-1-ol) ( Table 1 ). The reaction was stirred at 350 rpm for 12 h at 80°C. The obtained hydrogels were washed and filtered off according to the procedure presented previously. Next, the obtained microbeads with the pending epoxide groups were modified with diethylenetriamine according to the instructions given in Section 2.2.1.
Characterisation
Elemental analysis of the parent and modified copolymers was carried out using the Perkin-Elmer CHN 2400 apparatus. Photos of the hydrogels were obtained using the scanning electron microscope Quanta 3D FEG SEM (FEI Company) with the use of ETD detector in high vacuum. Fourier transform infrared spectroscopy (FTIR) spectra were recorded using a Perkin-Elmer 1725 X spectrophotometer in the 400-4000 cm -1 wave number range using KBr pallets. Differential scanning calorimetry (DSC) thermograms were obtained with the use of a DSC Netzsch 204 calorimeter (Netzsch, Günzbung, Germany) operating in a dynamic mode. The dynamic scans were performed at a heating rate of 10 K·min -1 at two temperature scans. The first scan was performed between 20°C and a maximum of 110°C to remove any adsorb moisture. The second one was conducted in 20-500°C under nitrogen atmosphere (30 mL·min -1 ). The mass of the sample was ~10 mg. Podko!cielna et al. -eXPRESS Polymer Letters Vol.6, No.9 (2012) [759] [760] [761] [762] [763] [764] [765] [766] [767] [768] [769] [770] [771] As a reference, an empty aluminum crucible was used. The glass transition temperature (T g ), decomposition temperature (T d ), and enthalpy of decomposition ($H d ) were evaluated. Thermogravimetric analysis (TG) was carried out on a Paulik and Erdey derivatograph (Budapest, Hungary) at a heating rate of 10°C·min -1 in air, in the temperature range of 20 to 1000°C with the sample weight of 100 mg. As a reference "-Al 2 O 3 was used. The initial decomposition temperature (IDT), T 20% , T 50% of weight loss, final decomposition temperature (T end ), and temperature of the maximum rate of weight loss (T 1 , T 2 and T 3 ) were determined. The HCl/dioxane method [17] was used to determine the number of epoxy groups (L EP ). The epoxide content was calculated from the difference between the blank and that found for the titration of the sample reaction mixture. The swellability coefficient, B, was determined by equilibrium swelling in methanol, acetone, toluene, 1,4-dioxane, THF, water, chlorobenzene and hexane. The samples were swollen in a few solvents for 0.5 h. The excess solvents were removed by centrifugal methods [18, 19] . Three specimens were tested for each hydrogels and a mean value was taken. B is expressed as given by Equation (1): (1) where V s is the volume of the copolymer after swelling and V d -the volume of the dry copolymer.
Adsorption tests
The adsorption equilibrium measurements in the single component system were carried out at room temperature. 0.2 g of a polymer sample was placed in a 100 mL conical flask containing 20 mL of heavy metal ion solution with the initial concentration ranging from 1·10 -3 to 25·10 -3 M. The pH of the solution was maintained at 5.0 by using nitric(V) acid to avoid metal precipitation using Elmetron CPI-505 pH/ionometer (Poland). The samples were shaken mechanically using the laboratory shaker (ELPHINE, type 357, Poland) for 24 h at 180 rpm. The preliminary experiments showed that equilibrium was reached under this condition. At equilibration, the concentrations of Cu(II), Zn(II), Cd(II) and Pb(II) in the residual solutions were analysed by the AAS (Atomic Absorption Spectrometry) measurements using SpectrAA 240FZ (Varian, Australia) at appropriate wavelengths, i.e. 324.7, 213.9, 228.8, and 217.0 nm for copper, zinc, cadmium and lead, respectively. The adsorption data of the metal ions using the BES.DM-HEMA-EP-DETA sample was analysed according to the Langmuir and Freundlich models [20, 21] . The Langmuir equation has the following form given by Equation (2): (2) where c e is the equilibrium concentration of the metal ion [ 
where K F is the Freundlich adsorption capacity [mg/g] and 1/n is the Freundlich constant related to the surface heterogeneity. The above equation can be linearised by taking logarithms to find the parameters K F and n.
Kinetic tests
For evaluation the kinetic parameters the most commonly known kinetic expressions that is the pseudo first order kinetic and the pseudo second order kinetic models were used according to the Equations (4) and (5) [22] :
where q t is the amount of metal adsorbed at time t [mg/g], q 1 , q 2 are the amounts of metal complexes sorbed at equilibrium for the pseudo first order kinetic and the pseudo second order kinetic models [mg/g], respectively, k 1 is the pseudo first order rate constant [1/min] and k 2 is the rate constant of the pseudo second order adsorption [g/(mg·min)]. 
Results and discussion
Suspension polymerisation of prepared methacrylate monomers with HEMA in the presence of diluents (toluene + decan-1-ol) leads to polymeric hydrogels in form of microbeads. Experimental parameters of representative syntheses are summarised in Table 1 .
Copolymerisation process was performed at a variable molar ratio of crosslinking monomers to HEMA (2, 5, 8, 10, 15 and 20% mol.) and constant volume ratio of diluents to monomers (1:1). The scheme presenting theoretical chemical structures of the obtained new crosslinked hydrogels and products of their modification with DETA are presented in Figures 1 and 2 . Elemental analysis of amine derivatives are presented in Table 2 . From these data one can see that the highest percentage of nitrogen was achieved for BES.DM-EDETA (3.59% N prac ). The percentage of nitrogen calculated from the number of epoxy group (N theo ) is higher than that obtained during the synthesis (N prac ). The difference probably results from a connection DETA mainly to the epoxy groups present on the surface of hydrogels. Unfortunately, the epoxy derivative of EGDMA-HEMA was characterised by a very low number of epoxy groups (0.15 mmol/g, Table 2 ). As this reaction occurs with a low yield, studies of this derivative were not pursued. For further study copolymers BES.DM-HEMA and BES.DM-EHEMA were selected which were obtained with a molar ratio of 20% crosslinking monomer. The tests confirmed that the obtained microspheres were characterised by the greatest mechanical stability, which is necessary for further multi-step reactions (after several hours stirring the microbeads keep their spherical shape). The greater the degree of crosslinking, the greater the mechanical stability of hydrogels. In order to confirm the spherical shape of the obtained hydrogels, two photos were taken by using the scanning electron microscope (SEM). In Figure 3a , hydrogels are presented in a dry state, in Figure 3b the fragment of the surface in higher magnification is visible.
FTIR
The chemical structures for new HEMA hydrogels and their derivatives were confirmed by FTIR analysis (Table 3 and Figure 4 ). The results shown in Figure 4 confirmed that modifications of BES.DM-HEMA with 2-(chloromethyl)oxirane and respectively with DETA took place (the presence of epoxy group peak at 906 cm -1 , and then its disappearance). In the spectrum of the BES.DM-HEMA, C-H stretching vibrations of aromatic ring backbone methyl groups is observed at 2946 cm -1 . The aromatic skeletal absorption is observed at 1591 cm -1 . In the spectrum the vibrations of -OH group are visible at 3400 cm -1 . The signal of C=O group occurs at 1720 cm -1 . In the spectrum BES.DM-HEMA-EP, the epoxide group gives a shape signal at 906 cm -1 . Moreover, in the spectrum BES.DM-HEMA-EP-DETA, C-H stretching vibrations of aromatic ring backbone methyl groups is observed at 2943 cm -1 , the aromatic skeletal at 159 cm -1 and C=O group at 1721 cm -1 .
Swelling properties
The swelling properties of the studied microbeads are presented in Table 4 . In all polar solvents the swellability coefficients (B) varied from 33.1 to 214%.
Significantly higher values of B in polar solvents compared to those values in non-polar hexane or toluene were observed. Such behaviour is probably due to the presence of polar pendant functional groups (hydroxyl groups) in the chemical structure of copolymers. The highest swellability coefficient is observed for the least crosslinked copolymer. With the increase of crosslinking the swelling of copolymers decreases, ranging in the polar methanol from 214 to 87.3%, respectively. Moreover, BES.DM-HEMA copolymers are characterised by a higher tendency to swell than EGDMA-HEMA copolymers. This is associated with the differences of the chemical structures of BES.DM and EGDMA monomers. BES.DM is a monomer containing aromatic rings, ester groups as well as a sulfur heteroatom in its structure. EGDMA possesses only ester groups in its chemical structure. Due to the spatial structure of the forming nets in the polymerisation process, copolymer BES.DM-HEMA allows better penetration of porogen diluents which are responsible for the formation of a more developed porous structure. Modified microspheres have much less tendency to swell. Probably due to that, the hanging amino groups can block easy access of solvent into the hydrogel network. The swelling behaviour of the studied microspheres in water is presented in Figure 5 . From these data one can see that a maximum swelling is received after 24 h and that it does not increase any further. For the studied samples it changes from 160 to 220%.
Thermal properties
The thermal properties of BES.DM-HEMA and EGDMA-HEMA copolymers as well as their amine derivatives were studied by means of DSC and TG analyses. The DSC was performed in a nitrogen atmosphere from 20 to 200°C. The thermogravimetric analysis was conducted in air from 20-1000°C. The weight loss of 20% of copolymer (T 20% ) for the studied samples changes from 180 to 325°C. The final decomposition temperatures (T end ) are similar and are in the range 595-660°C, Figure 6 . The DTG curves contain three separate degradation steps. The first decomposition peak is observed in the range of 75-140°C with a maximum of weight loss (T 1 ) at 90-130°C. The second decomposition stage takes place between 180-400°C with T 2 at 200-575°C, and the third is between 490 and 590°C with T 3 at 510-565°C, Table 5 . The first decomposition peak could be associated with the loss of moisture, the second with the ester bonds breakdown in the structure of copolymers, while the third one could be attributed to the total degradation of copolymers. The obtained results are similar to our previous studies [23, 24] . Copolymers modified by amines are characterised by insignificantly higher Figure 5 . The swelling behaviour of hydrogels in water temperatures of decomposition. In these cases additional bonds must be broken. The DSC analysis confirmed these observations. The DSC curves of parent and modified copolymers are presented in Figure 7 . Generally, DSC analysis shows similarity in thermal behaviour of all prepared copolymers. However, some differences for modified copolymers can be observed. As shown in Figure 7 , copolymers BES.DM-HEMA (2 and 20 % mol) are characterised by one endothermic peak at about 120°C, whereas for EGDMA with HEMA copolymers its maximum is at about 85°C. These endothermic peaks at 83.3-125.4°C are connected with the loss of water present in the structure of the polymer network. The analysis of the DTA and DSC of modified microbeads show the presence of adsorbed water on the amine groups.
Adsorption test results
Among sorption materials, the most popular are those containing nitrogen donor atoms which have high adsorption capacity and adsorption selectivity towards transition metal ions. 2-Hydroxyethyl methacrylate hydrogels modified by the compounds containing amino groups such as diethylenetriamine (DETA) can be widely used for the adsorption and separation of metal ions via coordination bond formation or ion exchange at appropriate pH. It is known that the adsorption of the chelating resin towards metal ions must be considered as a liquidsolid phase reaction which includes the diffusion of the ions from the solution to the resin surface, the diffusion of the ions within the solid resin beads, and the coordination reaction between the ions and the amine groups of the resin. The above mentioned factors affect the adsorption process.
In the presented paper the sorption parameters of BES.DM-HEMA-EP-DETA hydrogel were evaluated based on the Langmuir and Freundlich isotherm models. They are the most commonly used to describe the adsorption characteristics of the sorbents. The Langmuir constants q 0 and K L are related to the adsorption capacity and the energy of adsorption, respectively. The Freundlich model is applied to non-ideal sorption on heterogeneous surfaces as [25] . The Langmuir equation corresponds to a dominant ion exchange mechanism, while the Freundlich isotherm shows the adsorption-complexation reactions taking place in the adsorption process [26] . The obtained sorption parameters based on the above-mentioned models are presented in Table 6 . (Table 6 ). It was found that for the Langmuir model these values were in the range 0.9587-0.9997, whereas for the Freundlich one they were 0.8772-0.9467. Based on the Langmuir isotherm model the maximum adsorption capacities (q 0 ) of BES.DM-HEMA-EP-DETA are 0.74 mmol/g for Cu(II), 1.11 mmol/g for Zn(II), 1.23 mmol/g for Cd(II) and 0.78 mmol/g for Pb(II) ( Table 6 ). It should be also mentioned that the calculated values of sorption capacities (qo,cal) are comparable with those obtained experimentally (q e,exp ) and can generally be put in the order: Cd(II)&>&Zn(II)&>&Pb(II)&>&Cu(II). Over the last decades numerous studies regarding metal sorption on hydrogels with different functionalities were published. Among different modifying factors ammonia, etylenediamine, dietyltriamine have should be mentioned. However, there are few data regarding chelating properties of such obtained materials. In papers by Atia et al. [27] as well as Senkal and Bicak [28] the poly(GMA-co-EGDMA) polymers modified among over by diethylenetriamine were used. They found that the sorption capacity for Ca(II) and Mg(II) depends on the type of the ligand and was the highest for DETA. In the case of DETA the concentration of amino groups is higher by 1.15 times compared to those with ethylenediamine (EDA). In the paper by Maksin et al. [29] the porous and nonporous crosslinked poly(glycidyl methacrylate-coethylene glycol dimethacrylate) were prepared by suspension copolymerization and functionalized with diethylenetriamine. They found that the maximum adsorption capacity at pH 1.8 was 143 mg/g for PGME2-DETA. The amine derivatives have also been developed by incorporating the monoamino-, diamino-and triamino-ligands into various families of mesoporous ordered silicas [30] .
Kinetics test results
The effects of the phase contact time on the sorption capacities of BES.DM-EHEMA-DETA towards Cu(II), Zn(II), Cd(II) and Pb(II) ions (1.0·10 -3 M, shaking speed 180 rpm, temperature 298 K) are presented in Figure 9 . Taking into account that the characteristics of adsorption behaviour are generally inferred in terms of both adsorption kinetics and equilibrium isotherms in the next stage the kinetic test were carried out. Predicting the adsorption rate as well as the adsorbate residence time and the reactor dimensions controlled by the kinetic, are probably the most important factors in the adsorption system design. The preliminary results for the BES.DM-HEMA-EP-DETA hydrogel samples were presented to evaluate the sorption kinetics. The calculated kinetic parameters for Cu(II), Zn(II), Cd(II) and Pb(II) in BES.DM-EHEMA-DETA are pre- Figure 9 . Effect of the phase contact time on the sorption capacities of BES.DM-EHEMA-DETA towards Cu(II), Zn(II), Cd(II) and Pb(II) ions Table 7 . From these data one can see that the experimental values of sorption capacities (q e,exp ) are comparable with those obtained by the pseudo second-order model (q 2 ).
Conclusions
This work includes new, alternative methods of synthesising polymeric microbeads with active groups on the surface that may be useful in ion exchanging process. New hydrogels were synthesised obtained by suspension polymerisation of 2-hydroxyethyl methacrylate with bis[4(2-hydroxy-3-methacryloyloxypropoxy) phenyl]sulfide or ethylene glycol dimethacrylate. Their hydroxyl functional groups were exploited for introduction of amine groups on the surface using epoxy compounds as intermediates. In preparation of epoxy compounds two procedures were applied. The swelling and thermal properties of the new hydrogels were studied. Their swelling in water achieved maximum 220%. Similar swelling is observed in methanol whereas in other organic solvents its values were significantly lower. Thermal studies suggest that modification led to an increase of their thermal resistances. Application of the obtained new hydrogels in sorption of metal ions from water indicate that they are effective sorbents, especially for lead ions.
